In north-temperate small passerines, overwinter survival is associated with a reversibly increased 19 maximum cold-induced metabolism (M sum ). This strategy may incur increased energy 20 consumption. Therefore, species inhabiting ecosystems characterized by cold winters and low 21 productivity (i.e., low available energy) may be precluded from displaying an increase in 22 maximum metabolic rates. To examine whether M sum is a flexible phenotype in such challenging 23 environments, and ultimately uncover its underpinning mechanisms, we studied an arid-endemic 24 small bird (Karoo scrub-robin) whose range spans a primary productivity and minimum 25 temperature gradient. We measured M sum , body condition, mass of thermogenic muscles and two 26 indices of cellular aerobic capacity from populations living in three environmentally different 27 regions. We found that M sum was seasonally flexible, associated with aerobic capacity of limb 28 muscles, but not increasing with lower temperatures, as predicted. Notwithstanding, the cold limit 29 (temperature at which birds reached their maximum metabolic capacity) decreased in winter. 30
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These results indicate that birds from arid-zones may respond to cold conditions by altering 31 thermosensation, rather than spending energy to produce heat in skeletal muscles. At cold temperatures, homeothermic-endotherm animals (i.e.: birds and mammals) loose heat 41 from their warm bodies to the environment. To maintain a high body temperature in cold 42 conditions, birds principally increase the rate of heat production through shivering (Hothola 43 2004) . While shivering thermogenesis results from cellular processes, namely the activation of 44 energetic metabolism pathways to burn cellular fuels to power skeletal muscle contraction 45 (Hothola 2004) , it can be quantified at the organism-level as the maximum thermoregulatory 46 metabolic capacity (M sum ; (Thompson 2010)). In fact, several studies showed that cold 47 temperatures lead to increases in M sum (Vezina et al. 2011 ) (Swanson et al. 2014a ). One 48 explanation for this flexibility in maximum metabolic capacity is the cold adaptation hypothesis, 49 which posits that birds wintering in cold climates should have higher M sum than those in warmer 50
climates, and hence high M sum is critical for overwinter survival in very cold regions ( The capacity to withstand environmental challenges (known as body condition; (Hill 2011) was 121 assessed using three indices: i) body mass scaled by size (M b-scaled ), ii) fat scores and iii) 122 thermogenic muscles mass. 123
To quantify M b-scaled , which reflects the relative size of energy reserves such as protein and fat, 124
we used the standardization technique proposed by (Peig and Green 2009): standard major axis 125 regression between body mass (electronic scale, d = 0.01 g) and the linear body measurement 126 fat covering the entire abdomen); (Kaiser 1993). Fat scores were verified in the birds we 133 sacrificed to collect thermogenic muscles, as reported below. 134
We sacrificed 25 of the 85 birds: Coastal (n=10; 5 in each season), Central (n= 10; 5 in each 135 season) and Inland (n= 6; summer: 1, winter: 5) by thoracic compression in the early morning 136 after the rest-phase of birds. We excised the pectoralis and gastrocnemius muscles from the right-137 side body plane and measured their wet mass (electronic scale, d = 0.001 g). To estimate the total 138 mass of pectoralis (Pectoralis mass ) and gastrocnemius (Limb mass ) we doubled the mass of the 139 single muscles. 140
141

Aerobic capacity: immunostaining and confocal imaging of mitochondria and lipid droplets 142
Because mitochondria density and morphology, and lipid droplets have been shown to play an 143 essential role in energy provisioning during exercise, we measured the density of both intra-144 cellular organelles in the pectoralis and gastrocnemius muscles. Immediately after weighing the 145 muscles, we fixed them by immersion into 2% paraformaldehyde as previously described (Dahl 146 et al. 2014 ). In the laboratory, fiber bundles were teased apart under a stereomicroscope and 147 stored until further processing. We prepare only muscles for birds at the extremes of the 148 environmental gradient: Coastal (n = 10) and Inland (n = 6). Mitochondria were labelled by 149 immunofluorescence using an antibody targeting Cytochrome C Oxidase and lipid droplets were 150 stained using an antibody targeting Perilipin2. Briefly, single muscle fibers were permeabilized, 151 incubated with primary anti-bodies, washed, subsequently incubated with secondary anti-bodies, 152
and finally mounted in a glass slide. We used a Zeiss LSM710 microscope (Carl Zeiss, Germany) 153 to image 8 -10 fibers per individual muscle, and for each fiber we collected 16-22 z-planes. 154
Orthogonal maximal projections were obtained for the 318 fibers, which were then used for 155 image analysis. 156
To estimate the area occupied by mitochondria and lipid droplets, we developed a pipeline (step throughout the experiments. Each PIT-tag was injected into the bird's abdominal cavity as 173 described in (Oswald et al. 2018) . 174
After PIT-tag implantation, the bird rested in the cage for at least 30 min before cold-exposure 175 experiments. Cold exposure experiments took place within 24h of capture at each field site, 176 during the active phase of the birds (9am-4pm) after food was withheld for 2h. 177
To quantify metabolic rates under cold conditions, we used an open-flow respirometry system 178 (FoxBox-C Field Gas Analysis System, Sable Systems, USA) to measure bird´s O 2 consumption 179 and CO 2 production while exposed to a HelOx atmosphere (79% Helium + 21% Oxygen). HelOx 180 was used because it allows maximum rates of heat loss at higher temperatures than normal air,chamber (22 cm x 15 cm x 12 cm) holding the bird at flow rates of ~1.5 L min -1 using a mass 184 flow controller (Omega, USA). The excurrent air from the respirometry chamber then passed 185 through a multiplexer (Sable Systems), into an open manifold system, and was subsequently 186 pulled through the gas analysers by the FoxBox system at a flow rate of around 0.5 L min -1 . 187
The experiment involved placing the respirometry chamber housing the bird into a 40 L 188 fridge/freezer (ARB, Australia) serving as an environmental chamber (Noakes et al. 2017 ). We extracted NDVI and T min values for our sampling sites using the R Raster package (Hijmans 216 2017). For all variables, we tested for normality and homogeneity of variance using Shapiro-217
Wilk's and Levene's test, respectively. If heteroscedasticity was detected, the response variable 218 was log-transformed. We used an analysis of variance to test for sexual dimorphism. In the event 219
that sex was not significant, we removed the variable and proceeded with pooled sexes. We tested 220 for the role of environmental features such as T min and NDVI on body condition, mass of 221 thermogenic muscles (mass of pectoralis and gastrocnemius) and cellular aerobic capacity 222 (density of mitochondria and lipid droplets), cold limit (T CL ) and thermal conductance using 223 generalised linear models (GLMs). We opted to use T min experienced during each study period as 224 difference for all statistical tests. 231
232
RESULTS
233
Regardless of the source of T min (WorldClim or SAWS) the results were consistent; therefore for 234 the sake of brevity, in the main text we present the results for T min obtained from WorldClim and 235 report results with T min SAWS in Supplementary Information. 236
Body condition: BM scaled , fat depots and muscle mass 238
We found that minimum temperature (T min ), but not primary productivity (NDVI), was a 239 
1). 284
When restricting the analysis to regional-level, we found that M sum increased alongside with 285 increasing T min (i.e. summer) in Coastal (GLM, t = 2.903, p = 0.01) and Central (GLM, t = 286 2.577, p = 0.02) populations alongside increasing T min (i.e. summer), whereas birds from Inland 287 showed no significant changes (GLM, t = 1.446, p = 0.163; Figure2E). 288
At maximum thermogenic capacity, scrub-robins defended similar body temperatures regardless 289 of local T min (GLM; t = 1.510, p > 0.1). Nevertheless, the temperature that triggered the 290 maximum heat production -cold limit (Tc L ) -decreased at lower T min (GLM, t = 7.661, p < 0.01; 291 Figure 2F ). This association that was significant for the three regions: Coastal (GLM, t = 2.523, p 292 = 0.019), Central (GLM, t = 2.634, p = 0.017) and Inland (GLM, t = 5.034, p < 0.01). 293
Overall, the rate of metabolic heat loss was positively associated with increasing T min (GLM; t = 294 4.858, p < 0.01) but not with M b-scaled (GLM; t = 1.471, p > 0.1). Within-region, thermal 295 conductance significantly increased with increasing T min in Coastal and Central populations 296 (GLM; t Coastal = 3.966, p < 0.01; t Central = 4.976, p < 0.01), while no association with T min was 297 found for Inland birds (GLM; t Inland = 1.962, p = 0.064). 298
We found M sum to be associated with increasing T min but not NDVI (Table 1, 
2013). 312
By combining evidence from different levels of organization from populations of a small 313 passerine living in different temperature and primary productivity conditions we found that: i) 314 body condition increased with lower minimum temperatures (T min ); ii) thermogenic mass 315 remained unchanged regardless of T min or variation in primary productivity (NDVI); iii) in 316 pectoralis muscle, density of mitochondria and lipid droplets was maintained seasonally; iv) in 317 limb muscles, both the mitochondrial and lipid droplet densities decreased with lower T min ; v) at 318 maximum thermogenic capacity, the environmental temperature that triggered maximum heat 319 production -cold limit (Tc L ) -decreased at lower T min for the three populations; nevertheless, the 320 rate of heat loss remained unchanged for birds experiencing the wider thermal fluctuations -321 Inland birds; vi) maximum thermogenic capacity (M sum ) showed no seasonal flexibility in the 322 population living in the coldest and least productive area (Inland: T min < 0 °C and NDVI = 0.30), 323 and surprisingly increased, in summer, in populations experiencing milder conditions (Coastal 324
and Central regions) and, vii) M sum was not associated with aerobic capacity in the small limb 325 muscles or in large thermogenic pectoralis. 326
Overall, these results indicate that at least this arid-zone sub-tropical small bird species does not 327 conform to the cold-adaptation hypothesis or to the climate variability hypothesis. Specifically, 328 the birds that concomitantly experience the coldest conditions and the widest thermal fluctuationsshowed the least degree of phenotypic flexibility in all eco-physiological traits quantified. Thus, 330 our findings suggest that high M sum and reduced thermal conductance is not the critical 331 mechanism for successful overwintering in the cold winters of the arid sub-tropical habitats. 332
Thermogenesis in sub-tropical arid-zones 334
Although M sum revealed to be seasonally and regionally flexible, the observed patterns contrast 335 with our predictions. Firstly, M sum flexibility was only found in populations living in the milder 336 portion of the scrub-robin range (Coastal and Central) and not in the population exposed to sub-337 zero T min in winter (Inland). And secondly, the trend was to increase thermogenic capacity in 338 summer, the period where M sum was expected to be at an annual minimum (Swanson and (Putti et al. 2015 ). Thus, we tested the role of density of mitochondria and lipid 368 droplets (energy substrate) as a possible mechanism to respond to the extreme aerobic demand of 369 shivering in the scrub-robin. Our prediction that mitochondrial density in pectoral muscle should 370 increase with lower T min , as a mean to power shivering, was not supported ( Figure 3B ). Yet, the 371 lack of difference in mitochondrial density between Coastal and Inland birds is reconciled with 
